A novel free radical reaction combined with high-performance LC-photodiode array-ESI-MS/MS screening method was developed for the detection and identification of natural antioxidants from whole Scutellariae. Six compounds and whole Scutellariae extracts were found to possess a potential antioxidant capacity, and their free radical-scavenging activities were investigated in detail. The six compounds were identified as baicalin, baicalein, scutellarin, scutellarein, wogonoside and chrystin-7-glucoronide. The present study reveals that the radical-scavenging capacities of the whole Scutellariae extracts are as follows: hydroxyl radical > superoxide radical > peroxy radical. Wogonoside showed the strongest capability for scavenging hydroxyl radical. Baicalein not only showed the strongest capability for scavenging superoxide radical but also showed capability for lipid radical; Scutellarein (Peak 5) exhibited the highest reactivity in the lipid peroxidation processes. Based on these studies, the current paper accomplishes the evaluation of activities of some important anti-radical substances extracted from the radix, stem and leaf of the whole Scutellariae.
Introduction
Radical, also known as free radical in chemistry, is the main cause of human aging and cancer (1, 2) , mainly including hydroxyl radical, superoxide radical and peroxy radical. In order to prevent and cure the harm radicals impose on the human body, the development of anti-radical substances has become a focus of scientific research. In the past, researches mainly concentrated on chemical synthesis (3) . However, the considerable side effects of synthetic substances hampered them from broad application. However, in living things, especially in plants there exists a large quantity of natural anti-radical compounds, which possess few side effects and of a great variety and are easy to be applied. Thus, this has become an important tendency in the development of anti-radical substances (4) .
As a treatment, the whole Scutellaria is used in traditional Chinese medicine, as well as in countries such as South Korea and Japan. At present, the antioxidant and anti-radical functions of these ingredients abstracted from many other herbs have been investigated by many researchers (5 -7). However, those functions of ingredients abstracted from the whole Scutellaria are barely touched upon. Therefore, in this study, the whole Scutellaria as a source of anti-radical natural medicine was investigated to screening the radical-scavenging activities.
The existing studies on anti-radical substance evaluation mainly focus on the in vitro evaluation and in vivo evaluation. The former, for instance, contains ABTS radical cation scavenging assay (8) (9) (10) (11) , superoxide anion radical-scavenging assay (12, 13) , hydroxyl radical-scavenging assay (14, 15) and lipid peroxyl radical-scavenging assay (16) (17) (18) . The later usually uses mice or rats as subjects, the detection results of which are able to faithfully reflect the scavenging activities of anti-radical substances in living bodies. However, this kind of experiments is unsuitable for preliminary screening of anti-radical substances for its limitations such as numerous and complicated detection index, long experimental period and high cost (19 -21) . Unlike these methods, which are merely capable of detecting the free radical-scavenging capability of a single component or a medicine, the HPLC-MS is able to evaluate the free radical-scavenging capabilities of each component of a sample simultaneously in a single experiment system. This method has been used in some researches (22) (23) (24) . In the professor Kong research group (22) , an HPLC-diode arraychemiluminescence detection method for online detection was successfully developed to screen antioxidant in complex S. baicalensis extracts. Using the HPLC-diode array-chemiluminescence method, eight compounds in the S. baicalensis extracts were found to possess a potential antioxidant activity. Furthermore, the effects of purified compounds on protecting RAW 264.7 cells from hydrogen peroxide injury were also investigated.
In this study, for comprehensive evaluation of the radicalscavenging kinetic rate, three different types of free radicals (hydroxyl radical, superoxide radical and peroxy radical) combined with HPLC -MS/MS detection were used in the investigation in order to promote the electron transfer between free radicals and bioactive molecules, to improve the detection sensitivity and eliminate the interference of complex matrices. Additionally, the whole plant of Scutellariae (including Radix, stem and leaf) was investigated, and some different components with higher radical-scavenging capacity were found in the stem and leaf. The Radix Scutellariae (Scutellaria baicalensis Georgi), including its stem and leaf were supplied by Gansu HuiSen pharmaceutical industry group company. Suppliers of the standards (baicalin, baicalein, scutellarin, scutellarein, wogonoside and Chrysin-7-glucoronide) were Sigma-Aldrich Company (St. Louis, MO, USA). Methanol and acetonitrile were purchased from Merck (Darmstadt, Germany). Other reagents used in the experiments (analytical pure reagents) were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Methods
Preparation of extracts 6.60 g of the whole Scutellariae and 350 mL of methanol are first mixed together. The mixture is then refluxed for 4 h at 608C to produce extracts. In this way, the primary solution is obtained.
The total ion chromatogram A sample of primary solution is first filtered through a 0.45-mm filter to remove impurities and then injected. Finally, through HPLC-MS analysis its full spectrum is obtained.
The identification of active components in chromatogram
The six components, such as baicalin, baicalein, scutellarin, scutellarein, wogonoside and chrystin-7-glucoronide in the chromatogram evaluating different radicals, are usually identified through contrasting the retention time, UV spectra data and MS data of these six substances, verifying the discussions on fragmentation patterns of each substance and referring to related literature.
The optimization of conditions of liquid chromatography analysis and separation The acetonitrile -water system, acetonitrile -acetic acid -water system, acetonitrile -formic acid -water system, carbinolwater system, carbinol -acetic acid -water system and carbinol -formic acid -water system are adopted in the selection and optimization of mobile phase. Through contrastive analysis, it is found that under the condition of using acetonitrile -formic acid -water system as mobile phase, when the full-gradient elution mode is adopted, the optimal resolution and selectivity are obtained. The optimized gradient elution conditions are as follows: (acetonitrile: A and 0.5% formic acid: B) 0 min, A: 3, B: 97%; 23 min, A: 10, B: 90%; 40 min, A: 46, B: 54%; 60 min, A: 100%. Considering the separation efficiency, column packing of chromatographic column (3 mm, bonding hybrid packing) and compatibility with the later LC-MS analysis, the flow rate is controlled at 0.2 mL/min.
The liquid chromatography analysis adopts Thermo Finnigan Surveyor HPLC system. After testing and optimization of chromatographic condition and system suitability, in order to obtain better selectivity, resolution, sensitivity and repeatability during the separation process, the reversed phase column of chromatographic column, Thermo Hypersil GOLD C 18 (3 mm, 150 Â 2.1 mm, i.d., bonding hybrid packing) is finally adopted, the temperature of which is set at 408C; the spectral data are collected through 3D 190-800 nm full wavelength scanning and the PDA/ UV detection wavelength is 350 nm; samples are injected automatically under partial loop injection mode and the injection volume is 2 mL; the temperature in the injection chamber is 48C.
The selection and optimization of LC-MS analysis conditions
The Thermo Finnigan LCQ DECA XP Plus multidimensional ion trap mass spectrometry is adopted in this study. The optimal MS conditions obtained in the experiments are as follows: electrospray ionization source anion mode is ESI/APCI ion source MSþ/MS2; discharge voltage 5.5/2.5 kV; capillary temp 130/ 1508C; vaporizer temp 3508C; cone gas (nebulized gas), nitrogen; collision gas, helium; the flow rate of cone gas, 10/30 arb; the flow rate of nebulized gas, 60/70 arb; collision energy 5 -100 V; 25 Torr; injection mode, LC-MS HPLC direct continuous injection at the flow rate of 0.2 mL/min; data collecting mode, anion continuous collecting; MS total ion current data collecting karyoplasmic ratio range, 50-1000.
Quantification procedure
The standard stock solutions of baicalin (80 mg/mL), baicalein (90 mg/mL), scutellarin (100 mg/mL), scutellarein (120 mg/mL), wogonoside (150 mg/mL) and chrystin-7-glucoronide (90 mg/ mL) were prepared in 70% methanol. These solutions were stored in brown glass bottles at 48C. Then, the stock solution was diluted with 70% methanol into a series of standard solution (concentration: 0.8, 0.5, 0.3, 0.1 and 0.05 times of stock solution). These solutions were analyzed three times by HPLC-PDA methods, respectively. Then, the standard curves were plotted according to the peak areas (PAs) versus concentrations, and the concentration of each analyst was calculated according to the developed standard curves.
Evaluation of radical-scavenging capacity
The separation of all compounds in the extracts is the first and most challenging task in HPLC. The PAs of antioxidants will decrease or disappear in the HPLC chromatogram after spiking with radicals, while for the PAs without antioxidant activities, there is almost no change (25) . The differences in the reduction of PAs for radicals between the control sample and the experiment sample are used to evaluate radical-scavenging rates of samples according to the following equation (26 -28) :
where PA control represents the PA of control sample, and PA exp represents the PA of experimental sample.
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Preparation of radicals
Preparation of hydroxyl radical 41.4 mg of salicylic is accurately weighed, set its volume to 50 mL and labeled as Solution A; in a similar way, 300.6 mg of ferrous sulfate heptahydrate crystals is taken, set its volume to 100 mL and labeled as Solution B; 56.4 mg of hydrogen peroxide solution is obtained, set its volume to 50 mL and labeled as Solution C. All solutions prepared above are stored in a refrigerator at 0 -48C for future experiments (12, 13, 19, 23) .
Preparation of superoxide radical 10.0 mg of lactochrome is first weighed and then dissolved with 70% methanol. Its volume is set with a 10-mL volumetric flask labeled as Solution D; in a similar way, 25.0 mg of methionine is taken and dissolved in a 25-mL volumetric flask labeled as Solution E. The Solutions D and E prepared are stored in a refrigerator at 0 -48C for future use.
Preparation of lipid peroxyl radical 302.5 mg of lecithin is accurately weighed and dissolved in 30 mL of phosphate-buffered solution (50 mmol/L, pH ¼ 7.4), then sit in ultrasound and ice-water bath for 2 h and labeled as Solution F; 14.8 mg of ferric chloride is accurately weighed, set its volume to 50 mL and labeled as Solution H; 10.7 mg of ascorbic acid is weighed, set its volume to 50 mL and labeled as Solution I. All solutions prepared above are stored in a refrigerator at 0 -48C for future use.
The scavenging activities of hydroxyl radical
Experimental group 5.0 mL of primary solution, 2.0 mL of Solution A, 2.0 mL of Solution B and 2.0 mL of Solution C are accurately measured, respectively, evenly mixed in sequence and incubated at a constant temperature of 378C in a dark place for 2 h (29 -31).
Control group 5.0 mL of primary solution, 2.0 mL of Solution A, 2.0 mL of Solution B and 2.0 mL of deionized water are accurately measured, respectively, evenly mixed in sequence and incubated at a constant temperature of 37 F in a dark place for 2 h.
The scavenging activities of superoxide radical
Experimental group 2.0 mL of solution primary solution, 1.0 mL of Solution D and 1.0 mL of Solution E are accurately measured, respectively, evenly mixed and incubated under a UV lamp with 254 and 365 nm wavelength in a dark place for 2 h (32, 33).
Control group
2.0 mL of solution primary solution and 2.0 mL of methanol are accurately measured, respectively, evenly mixed and incubated under a UV lamp with 254 and 365 nm wavelength in a dark place for 2 h.
The scavenging activities of lipid peroxyl radical
Experimental group 1.0 mL of solution primary solution, 5.0 mL of Solution F, 2.0 mL of Solution H and 1.0 mL of Solution I are accurately measured, respectively, evenly mixed and incubated at a constant temperature of 378C in a dark place for 4 h (34).
Control group 1.0 mL of solution primary solution, 5.0 mL of phosphatebuffered solution (50 mmol/L, pH ¼ 7.4), 2.0 mL of liquid F and 1.0 mL of Solution H are accurately measured, respectively, evenly mixed and incubated at a constant temperature of 378C in a dark place for 4 h.
Results

Analysis of total ion chromatogram HPLC-MS
Under the above-mentioned chromatographic conditions, the whole Scutellariae is analyzed using liquid chromatography and tandem mass spectrometry and comparing with standard substance. The analyzing results are given in Tables I and II . The constitutional formula of each component (baicalin, baicalein, scutellarin, scutellarein, wogonoside and chrystin-7-glucoronide) was identified as shown in Figure 1 . The key component concentrations are also given in Table I .
Discussion
Evaluation of hydroxyl radical Figure 2 , the chromatogram of the hydroxyl radical evaluation, shows that the radical-scavenging capabilities of these components are as follows: wogonoside (Peak 3) . baicalin (Peak 2) . chrystin-7-glucoronide (Peak 4) . scutellarin (Peak 1) . baicalein (Peak 6) . scutellarein (Peak 5). In the hydroxyl radicalscavenging process, the effects of radical activities can easily lead to the production of phenolic hydroxyl structure in the substances containing benzene ring structure. For instance, in the system containing salicylic acid, the following reaction usually occurs very easily. Among the six groups of the whole Scutellariae identification, wogonoside (Peak 3) most easily produces a phenolic hydroxyl on the A ring, which, therefore produces the effect of scavenging radicals. Compared with chrystin-7-glucoronide (Peak 4), wogonoside (Peak 3), affected by the effect of methoxy-shared electron at the position 8 on the A ring is easier to produce phenolic hydroxyl structure at the position 6 on the A ring, which gives new substances. The other substances such as scutellarin, baicalin, scutellarein and baicalein also show certain scavenging effects due to resistance effect of hydroxyl position in the A ring and the B ring themselves Liquid chromatography -tandem mass spectrometry screening method 1143
and the subquinoid structure produced by the reaction between hydroxyl on the B ring and hydroxyl radical; however, the scavenging efficiencies of these four substances are relatively low in reaction systems in the present experiments. The electron attraction of alduronic acid at the position 7 on the A ring makes scutellarin and baicalin produce phenolic hydroxyl on the A ring more easily. Therefore, their free radical-scavenging capabilities are stronger than those of scutellarein and baicalein.
Evaluation of superoxide radical Figure 3 , the chromatogram of the superoxide radical evaluation, shows that the radical-scavenging capabilities of these components are as follows: baicalein (Peak 6) . scutellarin (Peak 1) . baicalin (Peak 2) while the other three substances possess no scavenging effect. The scavenging effects of scutellarin, baicalin and baicalein for superoxide radical reveal that the A ring ortho-hydroxy is closely related to their scavenging function. The change (the radical-scavenging capability for the superoxide radical) of scutellarein is probably caused by the reaction that scutellarin, baicalein and/or baicalin converts to scutellarein when the position 7 on the A ring loses alduronic acid affected by superoxide radical. Thus, the real effect of Scutellarein is belied. Wogonoside and chrystin-7-glucoronide possess no scavenging effects for superoxide radical due to its lack of hydroxyl on its B ring and lack of ortho-hydroxy on its A ring. Figure 4 , the chromatogram of the lipid peroxyl radical evaluation, shows that the radical-scavenging capabilities of these components are as follows: baicalein (Peak 6) . scutellarein (Peak 5) . sogonoside (Peak 3) . scutellarin (Peak 1). The scavenging effects of scutellarin, wogonoside, scutellarein and baicalein for lipid peroxyl radical reveal that the scavenging effects of these four substances are closely related with the ortho-hydroxy on the A ring and the hydroxyl on the B ring. The reaction between ROO and hydrogen atom provided by phenolic hydroxyl from flavonoids produces stable ROOH. Moreover, the scavenging capability intensifies with the increase of phenolic hydroxyl on the A ring while the scavenging capability of phenolic hydroxyl on the B ring is relatively weaker. However, the radical-scavenging rate of chrystin-7-glucoronide (Peak 4) is 266.88%. This reveals that in the process of scavenging lipid peroxyl radical, there are flavone and other flavonoids converting into chrystin-7-glucoronide, which leads to the increase instead of decrease of chrystin-7-glucoronide in the process of scavenging lipid peroxyl radical.
Evaluation of lipid peroxyl radical
From the results mentioned above, we can draw a conclusion that the six substances (baicalin, baicalein, scutellarin, scutellarein, wogonoside and chrystin-7-glucoronide) possess certain scavenging capability for superoxide radical, hydroxyl radical and lipid peroxyl radical. Relatively, the overall scavenging effects of the six substances for three kinds of radicals are as follows: lipid peroxyl radical . hydroxyl radical . superoxide radical. This sequencing confirms the former study's results of pharmacological action of the whole Scutellariae extracts and meanwhile verifies the application of the whole Scutellariae in dilating blood vessels, improving blood circulation and increasing blood supply (35, 36) .
The comparison of the respective functions of the six substances on the three kinds of radical showed that the effects of the six substances differ from each other for different radicals. Relatively, the scavenging effect of baicalein and scutellarin for superoxide radical is better; the scavenging effect of wogonoside and baicalin for hydroxyl radical excels others; the scavenging effect of scutellarein and baicalein for lipid peroxyl radical is greater; the contrastive studies on functioning effects of scutellarin and scutellarein verify the current research finding that in the human body, scutellarin is metabolized into scutellarein, which actually acts as an effective pharmaceutical component (22, 37) .
An interesting result has been found in the radical-scavenger screening from the whole Scutellariae (Radix, stem and leaf ). The stem and leaf extracts have stronger radical-scavenging capacity than the Radix extracts. In order to know which component(s) playing an important role in radical-scavenging capacity testing, potential components of stem and leaf extracts and radix extracts were separated step by step by column chromatography and identified by mass spectrometry and standard substance. Finally, the scutellarin (see Fig. 1 ) plays an important role in the stem and leaf extracts; however, the baicalin (see Fig. 1 ) plays an important role in the radix extracts. The scutellarin has a hydroxyl group in the B ring (4 0 ) than the baicalin structure, which showed positive role in the radical-scavenging natural antioxidants screening.
Conclusion
A new approach based on HPLC -PDA -MS/MS screening of free radical active components in complex samples and HPLC-ESI -MS/MS structural elucidation of active components was successfully applied to the detection and identification of major antioxidants in the whole Scutellariae extracts. Baicalin, baicalein, scutellarin, scutellarein, wogonoside and chrystin-7-glucoronide were preliminarily considered as primary antioxidants in the whole Scutellariae extracts. Wogonoside showed the strongest capability for scavenging hydroxyl radical. Baicalein not only showed the strongest capability for scavenging superoxide radical but also showed the capability for lipid radical; Scutellarein exhibited the highest reactivity in the lipid peroxidation processes. The new screening method can be widely used for the detection of antioxidants in other complex samples.
